The Plasmodium falciparum genome is rich in regions of low amino acid complexity which evolve with few constraints on size. To explore the extent of diversity in these loci, we sequenced repeat regions in pfmdr1, pfmdr5, pfmdr6, pfmrp2, and the antigenic locus pfmsp8 in laboratory and cultured-adapted clinical isolates. We further assessed associations between the repeats and parasite in vitro responses to 7 antimalarials to determine possible adaptive roles of these repeats in drug tolerance. Our results show extensive repeat variations in the reference and clinical isolates in all loci. We also observed a modest increase in dihydroartemisinin activity in parasites harboring the pfmdr1 sequence profile 7-2-10 (reflecting the number of asparagine repeats, number of aspartate repeats, and number of asparagine repeats in the final series of the gene product) (P ‫؍‬ 0.0321) and reduced sensitivity to chloroquine, mefloquine, quinine, and dihydroartemisinin in those with the 7-2-11 profile (P ‫؍‬ 0.0051, 0.0068, 0.0011, and 0.0052, respectively). Interestingly, we noted an inverse association between two drugs whereby isolates with 6 asparagine repeats encoded by pfmdr6 were significantly more susceptible to piperaquine than those with 8 (P ‫؍‬ 0.0057). Against lumefantrine, those with 8 repeats were, however, more sensitive (P ‫؍‬ 0.0144). In pfmrp2, the 7-DNNNTS/NNNNTS (number of DNNNTS or NNNNTS motifs; underlining indicates dimorphism) repeat group was significantly associated with a higher lumefantrine 50% inhibitory concentration (IC 50 ) (P ‫؍‬ 0.008) than in those without. No associations were observed with pfmsp8. These results hint at the probable utility of some repeat conformations as markers of in vitro antimalarial response; hence, biochemical functional studies to ascertain their role in P. falciparum are required.
T he evolution and spread of multidrug resistant Plasmodium falciparum have prompted the adoption of artemisinin-based combination therapies (ACTs) as the first-line treatment in most countries where malaria is endemic (1) . However, there is a growing body of evidence that the parasites are increasingly becoming less susceptible to the artemisinin-partnered drugs in southeast Asia (2, 3) , and one report from Kenya documented a decline in response to artemisinin therapy (4) , though this could have been attributed to declining immunity in the study area following a drop in transmission or effective control measures. Although the overall clinical efficacy of current regimens remains high in Africa, elucidation of any parasite genetic features that contribute to variation in sensitivity to these drugs is crucial for monitoring resistance, owing to the central role of these drugs in malaria control.
Transporter genes, especially of the ATP-binding cassette (ABC) superfamily, play a key role in determining drug resistance phenotypes in many biological systems. In P. falciparum, members of this superfamily couple ATP hydrolysis to the translocation of a wide range of drugs and other solutes across the food vacuole and plasma membrane of the parasite (5) . Single-nucleotide polymorphisms (SNPs) and overexpression of particular members of this transporter group have been implicated in influencing this function, effectively modulating parasite responses to quinoline-related drugs as well as other inhibitors (6) (7) (8) . However, these well-established genomic variations do not entirely explain the spectrum of responses observed in resistant parasites, implying that other polymorphisms within the genome may be involved in influencing parasite response to drugs (9) . Furthermore, some resistance phenotypes in different Plasmodium species appear to be an aggregate of responses to mutations in multiple genes (10, 11) . Consequently, multilocus genetic analyses and association studies on these transporters may provide more insights into understanding the parasite's tolerance to antimalarials.
The P. falciparum genome is rich in sequences encoding lowcomplexity amino acid regions (LCRs), with 87% of all the gene products containing at least one LCR, as opposed to an average of 65 to 70% in other eukaryotes (12) . These regions generally comprise homopolymeric tracts of single amino acids or heteropolymers of short repetitive motifs (13) and exhibit increased polymorphism, especially if their genes are proximal to the highrecombination subtelomeric ends (14) . Indeed, a number of studies have demonstrated the existence of repeat polymorphisms in some of the transporter genes. For instance, microsatellite length polymorphisms in the asparagine/aspartate-rich (Asn/Asp-rich) linker domain of the multidrug resistance protein 1, encoded by pfmdr1 (PF3D7_0523000), have been reported in samples from Africa, French Guiana, and Thailand (15) (16) (17) (18) . However, only two of these studies explored association between the genotypes observed with in vitro responses to drugs (15, 16) . Interestingly, some of the repeat profiles observed in these studies were also associated with the proximal resistance-conferring mutations (N86Y and Y184F) on pfmdr1 (16, 19) . In another report on multidrug resistance protein 6, encoded by pfmdr6 (PF3D7_1352100), length variation was observed in three different Asn-rich repeat loci among Asian isolates (20) . In this study, the presence of 9 Asn residues in the polymorphic microsatellite region corresponding to amino acid positions 103 to 109 in 3D7 appeared to influence the parasite in vitro susceptibility to dihydroartemisinin (DHA). The coding sequences of two other ABC transporters, multidrug resistance protein 5, encoded by pfmdr5 (PF3D7_1339900), and drug resistance-associated protein 2, encoded by pfmrp2 (PF3D7_1229100), also contain repetitive amino acid motifs, with full-length analysis of pfmrp2 showing associations between some of these repeats with mefloquine (MEF) resistance in samples from Thailand (21) . Though their corresponding gene sequences are clearly abundant in the parasite's genome, the functional significance of these repeats is still poorly understood owing to conflicting experimental evidence associating these variations with phenotype. For instance, while repeats in the microsatellite sequences of the sodium/proton exchanger, encoded by pfnhe1 (PF13_0019), have been shown to influence responses to quinine (QN) in different settings (22) , variations in NIN and NI repeat motifs in the product of pfmdr6 were shown to have no association with drug sensitivity (20) .
The present study therefore aimed at exploring the existence of repeat polymorphisms in P. falciparum LCRs (PfLCRs) in products of genes known to influence susceptibility to antimalarials and assess potential associations of these variations with in vitro responses to chloroquine (CQ), halofantrine (HLF), lumefantrine (LM), piperaquine (PQ), MEF, QN, and DHA. A detailed catalogue of the genes analyzed in this study is presented in Table 1 . The antimalarials were chosen due to their clinical role as key components of current control strategies (23) , while MEF, HLF, DHA, and QN were selected due to previous associations between their responses and variation in repeat sequences in transporter genes (15, 16, 20) . We included CQ due to the modulatory effects of polymorphisms in pfmdr1 and the chloroquine resistance transporter gene, pfcrt (PF3D7_0709000), on its activity. The gene for merozoite surface protein 8, pfmsp8 (PF3D7_0502400), codes for a surface protein with a polymorphic Asn/Asp-rich domain in the N-terminal (24) and has no known involvement in shuttling of drugs and/or solutes across membranes. We included this gene in our analysis as a control, based on the hypothesis that variations in its Asn/Asp-rich region would also have no bearing on antimalarial response, and thus any associations with the ABC genes would by extension represent bona fide signals attributable to their transport roles.
MATERIALS AND METHODS
Global distribution of sequence diversity. Sequence diversity was first assessed in the 5 genes (pfmdr1, pfmdr5, pfmdr6, pfmrp2, and pfmsp8) in 16 P. falciparum reference strains from different sources worldwide to determine the extent of divergence in these loci. We then analyzed these polymorphisms in culture-adapted clinical isolates and their associations with in vitro chemosensitivity profiles. The panel of reference isolates examined represents a geographically diverse set of isolates, with 4 from Africa (D6, RO33, Palo Alto, and Wellcome), 7 from Asia (T996, T9102, K1, FCC2, V1S, Dd2, and W2), 3 from South America (7G8, IT, and ITG; the latter two apparently have shared clonal history in culture), and 1 from Central America (HB3). 3D7 (cloned from NF54, an Amsterdam case of malaria presumably from an African mosquito) was grouped among the African strains.
Parasite adaptation and chemosensitivity profiling. The 50% inhibitory concentration (IC 50 ) data reported here were adopted from previous work by our group (25, 26) . Briefly, P. falciparum parasites were collected from malaria patients as part of several clinical studies between 2005 and 2008 in Kilifi, Kenya, and in vitro adaptation was carried out as described elsewhere (25) . Antimalarial activities were determined using radioisotopic [ 3 H ϩ ]hypoxanthine incorporation, with at least two replicate experiments carried out and only averaged results with Ͻ30% variation considered. We present median IC 50 s, i.e., the inhibitory concentrations that kill 50% of parasites, and the corresponding interquartile ranges (IQRs). The multidrug resistant V1S and the drug-susceptible 3D7 laboratory lines were used as reference strains.
DNA preparation and PCR. Parasite genomic DNA was extracted from dried filter paper blood spots using the boiling method (27) for the field isolates, while reference DNAs were obtained from the Malaria Research and Reference Reagent Resource (MR4) Centre (http://www.mr4 .org/). The microsatellite domains of pfmdr1 and pfmdr6 (nucleotides 1927 to 1987 and 310 to 327, respectively) were amplified using primers and cycling conditions described elsewhere (16, 20) . The pfmdr5 fragment was amplified by nested PCR using the primers MDR5F1 (forward) and MDR5R2 (reverse) for nest 1, followed by MDR5F1 (forward) and MDR5R1 (reverse) for nest 2. The nest 1 PCR conditions were as follows: primary denaturation at 94°C for 3 min, secondary denaturation at 94°C for 30 s, annealing for 30 s, and extension at 68°C for 30 s for 40 cycles, followed by a final 3-min extension at 68°C. The same conditions were used for nest 2 amplification. For the fragment comprising the sequence encoding the DNNNTS/NNNNTS (underlining indicates dimorphism) repeat in pfmrp2, we used the primers MRP_F1 (forward) and MRP_R1 (reverse), while the downstream locus harboring the DNNN repeat was amplified using MRP_F2 (forward) and MRP_R2 (reverse). The PCR The Plasmodium falciparum low-complexity region (PfLCR) family annotations assigned to various loci were adopted from the clusters described in reference 30, while the number of transmembrane (TM) domains is as predicted by the TMHMM2 algorithm. PfMSP8 is GPI anchored in the membrane and hence lacks transmembrane domains. The amino acid positions of the repeats are indicated relative to the 3D7 reference sequence from PlasmoDB (www.plasmodb.org).
conditions were similar for both fragments, with primary denaturation at 94°C for 3 min, secondary denaturation at 94°C for 30 s, annealing for 30 s, and extension at 68°C for 30 s for 40 cycles, followed by a final 3-min extension at 68°C. pfmsp8 was amplified using the primers PfMSP8_F1 (forward) and PfMSP8_R1 under the following conditions: primary denaturation at 94°C for 2 min, secondary denaturation at 94°C for 15 s, annealing for 30 s, and extension at 72°C for 2 min for 40 cycles followed by a final 7-min extension at 72°C. For all primer sequences, annealing temperatures, and fragment sizes, see Table S1 in the supplemental material.
Sequencing. PCR products were purified using ethanol precipitation and sequenced using the amplification primers, BigDye Terminator v3.1 (Applied Biosystems, United Kingdom), and an ABI 3130xl capillary sequencer (Applied Biosystems, United Kingdom). Poor-quality sequences were either resequenced or discarded, and repeat polymorphisms were called if clean individual peaks were observed in the electropherogram. Mixed genotypes were noted but excluded from further analysis. Sequences were assembled and edited using SeqMan and aligned using MegAlign (Lasergene 7; DNASTAR, Madison, WI) and BioEdit version 7.0.9 to identify repeat polymorphisms in the LCRs.
Statistical analysis. All statistical analyses were conducted using Stata version 11 (Stata, College Station, TX), while the graphs were drawn using GraphPad Prism (San Diego, CA). The nonparametric Mann-Whitney test was used to compare differences in drug responses between various groups of repeats. Only repeats with Ͼ10% frequency were examined against drug responses for between-group analysis. Linkage associations between repeat polymorphisms on different genes but the same chromosome were interrogated using Fisher's exact test. The significance level was assessed at 5% for all analyses.
Nucleotide sequence accession numbers. A total of 343 sequences were analyzed for the clinical isolates and deposited in GenBank under the accession numbers KF277770 to KF277831 for pfmdr1, KF277832 to KF277889 for pfmdr5, KF277890 to KF277939 for pfmdr6, KF277940 to KF277997 for pfmsp8, KF277998 to KF278057 and KF278058 to KF278102 for pfmrp2.
RESULTS
Antimalarial responses against culture-adapted clinical isolates. In brief, the median CQ, MEF, HLF, LM, PQ, QN and DHA IC 50 s were 101.9 nM, 12.0 nM, 9.0 nM, 33.2 nM, 54.0 nM, 189.3 nM and 2.3 nM, respectively, against V1S. Against 3D7, the IC 50 s were 5.1 nM, 15.4 nM, 16.9 nM, 103.9 nM, 46.9 nM, 27.1 nM and 2.1 nM, respectively. Among the clinical isolates, DHA was the most potent, with a median IC 50 of 1.4 nM (IQR, 0.8 to 2.3 nM), while parasites were least susceptible to QN, with a median IC 50 of 113.3 nM (IQR, 55.8 to 262.8 nM). The IC 50 distribution for all the drugs against clinical and reference isolates is summarized in Table 2 .
Global LCR variation in reference strains. We genotyped LCRs in 5 genes in 16 laboratory strains, and as expected, there was extensive sequence variation in all the genes (Table 3) . We identified 7 distinct pfmdr1 microsatellite sequence profiles, with most samples having sequences encoding 7 tandem Asn residues followed by 2 Asp residues and then a final series of Asn residues which varied in number; hence, the profiles were designated 7-2-n. The 7-2-09 and 7-2-11 profiles were the most dominant, at a frequency of 25% each. The 7-2-10, 7-0-02, and 7-2-06 profiles were unique to 3D7, Palo Alto, and FCC2, respectively, while ITG and the Wellcome strain shared the 7-2-07 profile. The Ghanaian strain, RO-33, had the 8-2-09 allele, which was previously shown to be in circulation predominantly among West African (and not East African) parasite populations (19) . Strikingly, all strains from Africa (5/5) had different alleles at this locus, while 57% in Asia shared alleles. We identified 4 different alleles in pfmdr5, with only the shorter DNNN repeat appearing to be polymorphic. Fifty percent of the strains had 5 DNNN repeats coupled with a single DHHNDHNNDNNN motif (thus designated 5-1), with a higher degree of allele sharing (83%) again being observed among Asian strains. Sequences from pfmdr6 clustered into 5 allelic groups in which the numbers of Asn repeats ranged between 4 and 10. The 9-repeat alleles observed in strains from the China-Myanmar border (20) was observed only in HB3, not any of the Asian strains. The DNNNTS/NNNNTS repeat domain of pfmrp2 showed less divergence than the DNNN region, which had numbers of repeats ranging between 6 and 9. Since it has been argued that LCRs in P. falciparum possibly seed and grow neutrally with no particular adaptive function (12) , it was prudent to run a control analysis on a gene neither coding for a drug/metabolite transporter nor conventionally associated with differential antimalarial response. There were 2 repeat motifs in pfmsp8, NDD and DDNDDNG, with most strains having 5 NDD repeats and a single copy of the longer DDNDDNG motif; hence, they were given a 5-1 designation. Overall, our results corroborate findings from other studies involving reference strains (17, 24, 28) and are also in line with publicly available whole-genome sequence data from the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/Projects /P_falciparum), PlasmoDB (www.plasmodb.org), and the Broad Institute of Harvard (http://www.broadinstitute.org/annotation /genome/plasmodium_falciparum_spp/Regions.html), thus affirming the fidelity of our sequence analyses.
Sequence variation in clinical isolates and associations with IC 50 . (i) pfmdr1. We obtained 65 complete sequences of the polyAsn/Asp repeat region of pfmdr1, which broadly fell into 9 microsatellite groups, as shown in Table 4 . The 7-2-10 group was the most predominant (occurring in 33.9% of the population), consistent with our previous observation in western Kenya (19) . Three isolates each had the 7-0-02, 7-0-04, and 7-3-09 profiles, representing the lowest frequencies. Further analysis on the groups with Ͼ10% frequency revealed a significant but borderline increase in susceptibility to DHA in isolates that bore the 7-2-10 allele compared to those that did not (P ϭ 0.0321; Mann-Whitney U test). Also, samples bearing the 7-2-11 allele appeared to be significantly more sensitive to LM (P ϭ 0.0360; Mann-Whitney U test) and less susceptible to CQ, MEF, QN, and DHA than those that did not (P ϭ 0.0052, 0.0065, 0.0011, and 0.0052, respectively; Mann-Whitney U test), as shown in Table 4 . It is worth noting that 7-2-11 is the profile of the pfmdr1 allele found in Dd2, W2, and V1S, all of which have some known degree of in vitro resistance to multiple drugs (Dd2 is CQ and MEF resistant, while W2 and V1S are both resistant to CQ and QN). A possible indicator of structural/functional constraints, we also noted an increasing trend in median IC 50 s of 5 drugs (MEF, PQ, HLF, QN, and CQ) with corresponding increases in the latter series of Asn repeats; that is, 7-2-09 Ͻ 7-2-10 Ͻ 7-2-11 (Fig. 1a) .
(ii) pfmdr5. We identified 8 different allelic groups in the 58 isolates successfully genotyped at pfmdr5 ( Table 4 ). The insertions/deletions of repeats in this gene occur within an ϳ180-bp region of the open reading frame, with the sequences corresponding to the shorter DNNN repeat ranging from 4 to 9 and the longer DHHNDHNNDNNN motif existing as a single-or double-copy motif. Most isolates (32.8%) had the 5-1 allele, while 4-1 and 4-2 were less frequent, being observed in one isolate each. Two other isolates, bearing the 5-2 allele, also had two repeats of the longer DHHNDHNNDNNN motif. Analyses between in vitro responses to all the test drugs and the repeat groups with Ͼ10% frequency yielded a significant association only between the 5-1 allele and increased LM IC 50 (P ϭ 0.0173; Mann-Whitney U test).
(iii) pfmdr6. Six different poly-Asn repeat profiles were detected in pfmdr6, including one that had not previously been described. These microsatellite sequences correspond to nucleotides 310 to 327 (relative to 3D7) and ranged from 4 to 10 Asn repeats. The proportion of samples with 6 Asn repeats was highest in our analysis (52.7%), contrary to results of a recent analysis on the same locus on Asian isolates in which 8 repeats was predominant, occurring in 76.5% of the isolates (20) . A winnowed analysis on repeat groups 6 and 8 (Ͼ10% allele frequency) revealed that isolates harboring the 3D7-like allele (6 Asn repeats) were significantly less susceptible to LM (P ϭ 0.0085; Mann-Whitney's U test) than those that did not but exhibited only borderline sensitivity to PQ (P ϭ 0.0463; Mann-Whitney's U test). Conversely, we observed a significant association between 8 repeats and reduced susceptibility to PQ (P ϭ 0.0036; Mann-Whitney's U test) but only a modest increase in sensitivity to LM (P ϭ 0.0363; MannWhitney's U test), as shown in Table 4 . Further between-group comparison showed that samples with 6 repeats were significantly more sensitive to PQ (P ϭ 0.0057; Mann-Whitney's U test) but less susceptible to LM (P ϭ 0.0144) than the variants with 8 repeats (Fig. 1b) . The association reported by Wang et al. (20) between 9 Asn repeats and reduced sensitivity to DHA was not observed in our population (P ϭ 0.8114; Mann-Whitney's U test). The pfmdr1 genotype nomenclature describes the number of asparagine (N) repeats followed by aspartate (D) then a final series of asparagine repeats in an N-D-N order. For pfmdr5, the number of DNNN motifs is indicated followed by the number of DHHNDHNNDNNN units, while the values for pfmdr6 are the numbers of asparagines. The numbers of DNNNTS and DNNN motifs are shown for pfmrp2, while the pfmsp8 value is the number of NDD repeats followed by the number of DDNDDNG motifs. ND refers to loci for which there were no evaluable sequences. c 3D7 was cloned from NF54, an Amsterdam case of malaria presumably from an African mosquito, and is therefore grouped with the African strains.
(iv) pfmrp2. Sequence data were successfully generated for 65 samples bearing the hexapeptide motif DNNNTS or its alternative NNNNTS and 46 harboring the DNNN repeat in pfmrp2. We identified 7 and 6 distinct DNNNTS/NNNNTS and DNNN repeat profiles, respectively, with most isolates having 7 copies of the DNNNTS/NNNNTS (38.3%) and DNNN (43.5%) repeats (Table  4 ). The number of DNNNTS/NNNNTS repeats ranged from 4 to 10 (median ϭ 7; 13.0% of the isolates), whereas that of DNNN repeats ranged from 6 to 11 (median ϭ 9; 12.0% of the isolates). In the association analysis, the presence of 7 DNNNTS/NNNNTS repeats was significantly associated with higher LM IC 50 s compared with the rest of the groups (P ϭ 0.008; Mann-Whitney's U test). The same trend persisted when the 7-repeat group was compared against the 10-repeat group (P ϭ 0.0174; Mann-Whitney's U test), though caution should be exercised when interpreting this result due to the considerably low numbers in the latter group (n ϭ 7). We did not find any associations with the DNNN motif other than increased MEF IC 50 s in variants with 8 repeats (n ϭ 11) compared to those with the wild-type 3D7-like 9 repeats (n ϭ 7) (P ϭ 0.0164; Mann-Whitney's U test).
(v) pfmsp8. In the 59 complete pfmsp8 sequences we obtained, the number of NDD repeats ranged between 3 and 9, with most isolates (86.2%) harboring 6 repeats ( Table 4 ). The longer DDN DDNG motif was present in a dimorphic form, with isolates bearing either 1 or 2 copies of the motif. The majority of the samples (91.4%) bore the 3D7-like single repeat, while only 5 isolates had an extra copy of the repeat. As expected, we did not observe any significant associations between either of the repeat groups and drug responses. Chromosomal linkages among different repeats. Due to the degeneracy in transporter loci modulating drug responses (the activities of particular classes of drugs seem to be influenced by a familiar cast of genes), it is likely that the chromosomal proximity of the genes for any set of transporters performing the same function(s) would broaden the parasite's capacity to extrude toxic compounds. We therefore assessed linkage between repeat groups on the same chromosome and those on different chromosomes. We observed a linkage between sequences for 6 Asn repeats on linker repeat region. The increase from 7-2-09 to 7-2-10 and from 7-2-10 to 7-2-11 was tested for significance using Mann-Whitney's test (P Ͻ 0.05). (b) Inverse association between the 6-and 8-Asn-repeat groups in pfmdr6 in relation to piperaquine (PQ) and lumefantrine (LM) activity. This association was assessed using Mann-Whitney's test for significance (P Ͻ 0.05).
pfmdr6 and the 5-1 repeat polymorphism on pfmdr5 (odds ratio, 16; 95% confidence interval [CI], 1.03 to 835.1; P ϭ 0.0235; Fisher's exact test) on chromosome 13. However, we did not find any significant association between repeats on any of the other genes. We further analyzed the linkage between combinations of alleles of different genes and their association with drug responses. The linked alleles (5-1 repeats on pfmdr5 and 6 Asn repeats on pfmdr6) together showed a significant increase in LM IC 50 (P ϭ 0.0145; Mann-Whitney's U test). Notably, we also observed decreased drug sensitivities in combinations involving the 7-2-11 pfmdr1 allele. For example, 7-2-11 together with 6 pfmdr6-encoded Asn repeats yielded significant elevation in CQ, MEF, HLF, LM, and QN IC 50 s (P ϭ 0.0259, 0.0039, 0.0300, 0.0212, and 0.0091, respectively; Mann-Whitney's U test), while strains with the 5-1 pfmdr5 repeat profile and the 7-2-11 profile exhibited significant increases in CQ, MEF, QN, and DHA IC 50 s (P ϭ 0.0003, 0.0172, 0.0005, and 0.0059, respectively; Mann-Whitney's U test). However, these changes were not significant compared with the effect of the individual alleles, and the numbers in these combined categories were indeed low.
DISCUSSION
The P. falciparum genome comprises regions of reduced amino acid complexity which have been shown to be polymorphic (29, 30) but whose functional utilities still remain contentious. However, the link between microsatellite repeat polymorphisms in these regions in transporter genes and antimalarial response has been previously reported in pfnhe1 and QN resistance in this population (26) . We evaluated both the extent of repeat sequence diversity in these regions in four genes encoding putative transporters (plus an antigenic locus) and their associations with in vitro antimalarial response. We confirmed the existence of remarkable plasticity in the LCRs of the parasite's genome, with high-level polymorphism being observed in the transporter genes and the locus encoding a surface protein. We also report associations between some of the repeat patterns within these LCRs and in vitro responses to clinically important antimalarials. The extensive variations at the 5 loci further attest to the existence of minimal size constraints in the evolution of these regions (31) and a high recombination rate at chromosomal subtelomeres (where all the genes examined lie) generating such high diversity (32) . All the African strains had distinct pfmdr1 microsatellite profiles and less allele sharing in the other loci, while most strains from Asia shared sequence profiles in a number of loci, reinforcing evidence of the existence of higher diversity in Africa than Asia (33), presumably due to more recombination (32, 34) . Notably, T9102, Dd2, and V1S, which are all of southeast Asian ancestry, had the same pfmdr1, pfmdr5, and pfmrp2 microsatellite profiles. However, we reiterate that these are laboratory-cloned parasite lines whose genotypes may not necessarily be accurate representations of the parasite population circulating in the field.
Only a few reports have examined the associations between microsatellite polymorphisms in pfmdr1and drug phenotypes (15, 16) , as most have instead focused on the contribution of SNPs and copy number variations. The number of pfmdr1 microsatellite profiles noted here was comparable to that which our group observed in a recent analysis of samples from western Kenya (19) , with the marginally higher diversity in the latter study likely being due to superior sampling (n ϭ 83). The increase in susceptibility to DHA in the 7-2-10 group observed here was also noted in Gambia, though with the 8-2-8 profile, which was among the most dominant in that study (16) . We argue that this association, together with the linkage between the 7-2-11 allele with reduced susceptibility to DHA, perhaps only mirrors quantitative differences in IC 50 s and is unlikely to be clinically significant, since no clinical resistance was reported in a recent trial on DHA-PQ (Artekin) in this population (4) . This contention is further strengthened by the observation that DHA was equipotent against the resistant strain VIS (median IC 50 , 2.3 nM) and the sensitive strain 3D7 (median IC 50 , 2.1 nM). Nonetheless, this marker could prove crucial in profiling DHA responses should future studies support these associations. In relation to function, there is persuasive evidence to suggest that the linker region of pfmdr1 might be adaptive. For instance, certain members of the ABC superfamily, like cystic fibrosis transmembrane conductance regulator and P glycoprotein, also contain linker regions (35, 36) involved in protein kinase-mediated phosphorylation and regulation of substrate specificity (37) . Additionally, this region in the yeast a-factor transporter (Ste6) mediates ubiquitination and controls protein turnover (38) , two processes associated with drug tolerance in Plasmodium species (39, 40) . It is therefore not unreasonable to posit that any variations from the wild-type 7-2-10 sequence of this region would influence the extrusion of drugs. Instructively, transmembrane proteins are malleable at the linker region (41) , and consequently the variant 7-2-11 is likely to disturb a conformational flexibility essential for motion, possibly due to steric hindrance. Therefore, though this allele seems to be associated with reduced sensitivity to multiple drugs alone or in combination, it is likely that it may also simultaneously interfere with the translocation of essential metabolites. This may explain its low frequency in our population and even lower in Sudan, Burkina Faso, and western Kenya (19) .
The heavy metal transporter encoded by pfmdr6 has been previously shown to be a target of drug selection (7, 9) , and there is recent evidence that microsatellite polymorphisms in this locus influence DHA sensitivity (20) . The reduction in LM susceptibility observed against 6 Asn repeats was notable, since it is the phenotype associated with 3D7, which also bears 6 Asn repeats at this locus. Interestingly, there was a significant association between 8 repeats and reduced susceptibility to PQ but a converse increase in sensitivity to LM. This trend is reminiscent of the inverse association between in vitro responses to LM and CQ, a structural analog of PQ. The exact mechanism of action of PQ is unknown but is likely to mirror that of CQ, which has been demonstrated to also inhibit mitochondrial iron acquisition in Saccharomyces cerevisiae (42) . Since pfmdr6 is speculated to be involved in mitochondrial iron transport (43) , it is conceivable that PQ exerts its cytotoxicity through a similar mode, and therefore, the inverse association between CQ and PQ versus LM is likely due to a functional relationship. The association previously reported with Asian isolates between 9 Asn repeats and DHA was not observed in our population. This discordance could be because it is a region-specific trend which might not necessarily hold true elsewhere. Indeed, a similar discrepancy in association between African and Asian isolates has been reported in pfnhe1 microsatellite polymorphisms and their association with parasite responses to QN (44) .
PfMRP2 is localized on the plasma membrane (45), with two full-length analyses of the gene revealing the presence of length polymorphisms, one between nucleotides 705 and 726 (46) and another beginning from nucleotide 2337, with respect to the 3D7 sequence (21) . The observed elevation in LM IC 50 in the 7-DNNNTS/NNNNTS-repeat group and in MEF IC 50 in the group with the 8 DNNN repeats may reflect a preference in activity of this locus against aryl-amino alcohols but not unrelated antimalarials. PfMDR5 also localizes on the parasite's plasma membrane (45) , reinforcing its putative designation as a drug/ metabolite exporter. To the best of our knowledge, this is the first study exploring the involvement of this transporter in antimalarial resistance. We contend that the association observed between a pfmdr5 5-1 repeat and LM could be an extended effect of the strong association with the 6-Asn-encoding allele in pfmdr6 due to the chromosomal linkage between them. The antigenic pfmsp8 is a highly conserved locus, with only slight length variations restricted to indels in the Asn/Asp repeat-rich domain (24) . Since it encodes a surface protein with no established role in drug/metabolite transport, the lack of association between its repeats and drug responses was unsurprising. The precise role of the poly-Asn/Asp domain in this gene is, however, unclear and, like some antigens with repetitive amino acid sequences, could involve diverting the immune response from functionally important epitopes (47) .
Loci under similar selective pressures are likely affected by common physiological factors and are probably responsible for shared phenotypes. Nonrandom distribution of variability in functional classes of genes has been demonstrated in P. falciparum (48) , and indeed, our data showed linkage between polymorphisms on pfmdr5 and pfmdr6. The lack of linkage between pfmdr1 and pfmsp8 is likely due to different selective pressures (antimalarials and immunity, respectively) on the two genes. Though our results reveal compounded effects in drug response when some alleles were analyzed together, much of these could actually be residual signals from the singular alleles, further confirming the oligogenic nature of antimalarial resistance.
In summary, we have shown the global existence of sequence diversity in PfLCRs in laboratory and culture-adapted clinical isolates. We have also demonstrated that particular microsatellite repeat sequences are associated with differential responses to DHA, MEF, LM, QN, and PQ, all crucial antimalarials. As a limitation, this study did not query whether these associations are a direct consequence of the variations within these LCRs or the sheer proximity of some of these regions to resistance-conferring loci. For instance, our group recently reported linkage between the 7-2-10 pfmdr1 sequence with the pfmdr1_86Y variant in Africa (19) , while pfmrp2 and pfmdr6 comprise SNPs close to the repetitive domains analyzed here (28, 49) . Therefore, the possible influence of these mutations due to hitchhiking cannot be ignored. If indeed adaptive, the widespread variation in these loci is puzzling, since one expects high sequence conservation owing to the expensive fitness costs that accompany genomic changes on essential loci. However, it is also possible that these costs are offset elsewhere in the genome. Also, our parasite population is markedly sensitive to DHA (mean IC 50 , 1.9 nM); hence, the absence of discernible sensitive and resistance parasite groups limited confident interpretation of some results. We therefore emphasize caution in interpretation of these results owing to the modest associations and low numbers, especially in the analysis of combined alleles. Overall, these findings highlight the need for functional biochemical studies to ascertain the role of these repeats in P. falciparum.
